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Lattice relaxation in the 1 B, state for the finite polyenes

Bih-Yaw Jin and Robert Silbey
Department of Chemistry and Center for Materials Science and Engineering, Massachusetts Institute
of Technology, Cambridge, Massachusetts 02139

(Received 15 August 1994; accepted 2 December 1994

The effect of electron correlation on the lattice relaxation of the lowest optically alloBgdsthte

of finite polyenes is investigated in this paper. We examine the competition between electron—
electron interaction and electron-phonon coupling on the formation of localized lattice distortion in
the 1B, state for finite polyene with chain length up to 30 double bonds, using a number of
theoretical models for the electron—electron interaction: short range Hubbard, extended Hubbard,
and long-range Pariser—Parr—Pople models. The results show that in the intermediate to strong
electron—electron interaction limit, the most stable geometry of the lowest optically accessible
excitation is a self-trapped excitofor a bipolaron, rather than separated solitons. 1995
American Institute of Physics.

I. INTRODUCTION shown the formation of soliton-antisoliton pair in thé& 1
state persists. However, Grabowsky, Hone and Schriéffer
ﬁhowed that the stable configuration in thB 1state is an
exciton in a shallow well, unstable against thermal fluctua-
tion at about 150 K. Hayden and Méfpsing a renormal-

There has been extensive interéstin the study of con-
ducting polymers in the recent years due to the observatio
of very high conductivities upon doping with strong electron
acceptors or donorsPolyacetylene and finite polyenes, con- . - ..
sisting of alternating double and single bonds, are the simzation group method, have.found theis ] state relaxes to a

bound excitation, or an exciton.

lest model systems for exploring various properties of one-
gimensional c):)njugated sysptemsg.] Prop We approach this problem by using standard methods of

In this paper, we study the lattice relaxation of the lowestdUantum chemistry. Since there are many excited configura-
optically allowed B, state of finite polyenes. It is well tions involved, it is necessary to include as many configura-

known that in the Hokel approximation which neglect tions as possible in order to obtain a correct description of
electron—electron g-€) interaction, an electron-hole pair the excited state. The effect of truncation of electron configu-

created upon photoexcitation ns-(CH), is unstable with rations is subtle. Including all configurations is difficult and
X . . . .
respect to formation of a charged soliton-antisolit& §~) becomes impossible as the size of the molecule increases.

pair®” This mechanism is an efficient way for charge sepaHowever, Schulteret al’® have shown that the B, state
ration and therefore possibly responsible for photoconductivCOﬂSiStS mainly of single excitations. A direct diagonalization
ity and photoinduced absorption associated with a charge@f the configuration interactiofCl) matrix within single ex-
soliton. Recently, the fast generation of a soliton-antisolitor€itation space for finite polyenes with chain lengths up to 40
pair (in the independent electron moylés suggested as the double bonds is still feasible. By extrapolation from the ex-
source of large optical nonlinearitfei polyacetylene, and Perimental data for short chain polyenes, Schaéfeal.*”
the virtual soliton-antisoliton paifinstanton formation en- have shown that the conjugation length for the polyene in the
abled by the nonlinear zero-point fluctuations in the groundsolid state limit is no longer than 40 double bonds. There-
state is used to explain the large nonresonant nonlinear optiore, the calculation carried out for a finite polyene can give
cal responsé.Resonance Raman scatterifRRS is known  useful information on the formation of lattice distortions in
to be a good probe to the equilibrium geometry and dynamthe solid state limit.
ics of the resonant excited electronic st&&'Hence, a large Using the intermediate exciton theofiye., a direct di-
geometric change between ground and lowdst dtate due agonalization of single excitation CI matrix in the exciton
to soliton-antisoliton generation, as expected in the indeperiasig, Yaron and Silbe¥/ have found that the lowest energy
dent electron theory, should be reflected in the RRS as @xcited state for an undistorted polyene is an exciton state
broadband. The RRS study of finite polyenes with 3—13with the electron and hole tightly bound togetfieyot mean
double bonds made by Schaffet all? does not, however, square separation between electron and hole pair is about 2
show any indication of this effect. This suggests thatunit cells. However, the photoexcited electron-hole pair in
electron—electron interaction may play an important role inthe 1B, state of a polyene decays to a separ8e& pair
the lattice relaxation of theB,, excited state. The purpose of in the independent electron theory. Hence, the electron—
this work is to examine whether the inclusion of electronelectron interaction tends to keep the electron and hole to-
correlation qualitatively changes the theoretical model ofgether, while the electron-phonon coupling tends to separate
photogeneration of the soliton-antisoliton pairs through thethe electron and hole and the associated lattice deformation.
1B, excited state. The interplay between the electron—electron interaction and
Including electron—electron interaction perturbatively electron-phonon coupling is therefore important for the for-
within the Su—Schrieffer—HeedefSSH-extended Hubbard mation of a localized distortion in theBl, excited state.
model in the continuum limit, Wu and Kivelsth have In this paper, we examine the lattice relaxation in the
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4262 B.-Y. Jin and R. Silbey: Lattice relaxation in finite polyenes

148 B(r)=ty+a(r—ry) and a characterizes the strength of
sl electron-phonon couplingy,, is parametrized by Ohno's
’ formula

14415

Laz2p Y”m_(1+U2(ernm/eZ)2)“2 2

in the case of the PPP approximation and is given by
L8 Ymn=U 6mn and yp=U 6,mt+ V-1 for the Hubbard and
36l extended Hubbard models. In E®), € is the dielectric con-
stant,U denotes the onsite electron repulsion which is the
difference between ionization potential and electron affinity
L2 . . . . of the atom. At large distance,has the Coulomb form &r.

The Fock operator associated with the many body Hamil-
tonian,H , is given by

bond length (A)
=

1.34H

N

FIG. 1. A typical lattice configuration for the self-trapped exciton in the n
1B,, excited state within the PPP modeIN=66, «=4.5, U=8 eV, and F= E fnm@no@me (©)

e=1. mno
with the matrix element

1B, state of finite polyenes ranging frotdd=11 to N=35, 1
WhuereN is numbech))f L/nit cellidgut?le bonds The Hamil- fam= h“m+z, Yn'mPn/n' Shm™ 2 YomPmn, )
tonian matrix is diagonalized in a basis containing all single "

excitations from the restricted Hartree—Fock ground statewhereP,,== (a,,an,) is the single particle density ma-
Minimization is performed by the simplex method without trix. The Fock matrix is diagonalized self-consistently,
using derivative information. We have found several differ-

ent local minima in different region of parameter space asa F=, 6aC;UCaU+E €C; ' Cro (5)
function of chain length. In the absence of electron—electron ac ro

interaction, the lattice relaxes to charged soliton-antisoliton

+ . "
pair with a separation proportional to chain length. When theWhereCa" creates one electron with spinin the best one

electron—electron interaction is present and the chain IengtﬁIeCtron molecular orbitais,. Ground and singly excited

is long enough, the soliton and antisoliton pairs are tightIyStates can then be constructed frvag,
bound in most of the parameter space. It is then more appro- occ

priate to call the excitation an electron-hole bipolaron or self- - +

trapped exciton because it is a single entgge Fig. 1L For Vo) 1 CiolVag. ©
short chains, in the limit of strong electron—electron interac-
tion and strong electron-phonon coupling, the local mini-  [*¥5)=(1/V2)(c,,Cag—C/'5Can) | Wo)- (7

mu? 'S: IS|mp|>_Ie c(ijlsg.latcetmentbalong llhtacfo (dmgnzgtlor) d The matrix elements between ground and singly excited
mode. A localized distortion becomes favorable beyond g,qq yanish from Brillouin’s theorem. Matrix elements be-

certain critical chain length which is a function qf the tween two singly excited state are given by
strength of electron—electron and electron-phonon interac-

tions. (MWLH,—Eo|"WE) = (€ — €4) Sapdis— (rs|ba)
+2(ra|bs). (8)

io

IIl. THE MODEL Since the lowest optically allowed excitation is B lstate,
Assuming o-7 separation, the model Hamiltonian is a which consists mainly of singly excited configuratidfisye
sum of two contributionsd _ andH . o electrons are mod- €XPect that a diagonalization within the space spanned by all
eled by simple additive potentials. In order to understand th&Ndly excited configurations should give a good description
effect of the range of force, electron correlation amang of this state. Furthermore, single Cl is a size-consistent

! 18,19
electrons is explicitly treated by three different models: aMethod,™ " so the results can be extrapolated to the lavge
short range Hubbard, an extended Hubbard model, and 4nit-

long range Pariser—Parr—PoflePP model with different In the presence of translational symméfhythe single _
screening. In general, the Hamiltonian is given by excitation Cl matrix can be further reduced to block form in
the exciton basis:
1
H77= z hnmar:r ama'+ B) E ’ynma;rar-;( 18mg’Ang 1 ;
nmo 7 2 mono’ ‘ ” |\PAK>: T E elkAl\Irlli+K>l (9)
@) N«

whereH =8, -1 and 0 otherwise, the resonance integralwhereA is the separation between electron and hilés the
B is assumed to be linear in bond length: exciton momentum, and the molecular orbitals are character-

J. Chem. Phys., Vol. 102, No. 10, 8 March 1995

Downloaded 22 Oct 2012 to 18.111.89.209. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions
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ized by the quasimomenturk, Then the CI matrix can be following four parameter spa&which allows relaxation in
diagonalized within each submatrix with fixed exciton mo-the bond alternation and towards the soliton-antisoliton
mentumK, corresponding to exact diagonalization in the in-(S*S™) direction:
termediate exciton theory. However, in the presence of lattice

. X : . . ¢ 2R
distortion, translational symmetry is broken and thus excnor}e(n):rg(n)_(_ 1)"Se+(—1)" = tanH —
momentum is no longer a good quantum number. We then 2 £

have to diagonalize the whole singly excited Cl matrix which n—1,—R n+1-1,—R

is formidable since the size of this matrix is proportional to X tam‘(— +tanf(—>

N% By restricting ourselves to the lattice distortions with ¢ ¢

mirror symmetry, and exploiting alternancy symmetry for the n—Iy,+R n+1-1y+R

PPP model, the size of Cl matrix can be reduced to about one —tan!‘( — —tan)‘( & (12)

fourth of the original. Once the localized distorted wavefunc- ) .

tions are found we can then restore translational symmetr? Ed- (12) R denotes the separation between soliton and
by making a transformation t& space. This produces a band antisoliton pairs,¢ is the soliton width,¢ represents the
of distorted (“polaron”) states. However, if the effective dimerization amplitude aroun”S™ configurations, and,
mass of the distorted state is very large, then this does ndt the dimerization amplitude along tie=0 mode(i.e., the
alter the energy of the state. In this paper, we will assumélimerization modg Including minimization along< =0 is

that the effective mass is infinite, so a further transformatiorfSsential for the competition between formation of the local-
is unnecessary. ized bipolaron and simple displacement along #e-0

The o-bond energy is approximated as a collection ofmode. We also define a dimensionless electron-phonon cou-
i 9,2
harmonic oscillators. Thus, we obtain the total energy for the?ling constant=2a"/mK,t.

excitedB, state at a fixed nuclear configuration: Both the simplex and Powell direction set metﬁ'duh_\ve
been used for the minimization. However, the simplex
Ewdr)=E(r)+E(r), (10 method is usually faster than the latter. Hence, most of our
calculations are carried out by simplex method. The proce-
where dure for the optimization is separated into the two
steps: (1) For a given set of parameters, we minimize the

E,(r)=3% K(,E (rh—ro)2 (11)  total energy for the ground state alokg=0 mode to get the

n equilibrium configurationr, without using the empirical

. o i bond-order—bond-lengttBOBL) relationship. (2) Starting
rois the equilibrium bond length in the absenceneélectron  ¢rom previous configuration, we minimize the excited state
interaction an, is the o-bond spring constant. in the four-dimensional spac®(¢, ¢, 5,).

In order to minimize chain end effects and facilitate the 1o BOBL relationship is not used for minimization for
minimization in the absence of localized distortion, periodicip,q following two reason: (1) the o-bond force constants
bqundary conditions are usgd throughout the calculation. ','Elepend on how the parameters in the BOBL relationship are
this case, the ground state is always doubly degenerate witthoseny2) there is no analytical expression for this relation
respect to interchange of single and double bonds. Hencg, the presence of electron—electron interaction, except for
cyclic chains always allow a soliton-antisoliton configura- ihe Hubbard and extended Hubbard model addition, Bre-
tion, unlike open linear chain systems which do not have a5t a122 have shown that BOBL and direct minimization
degenerate ground stafe. in the excited state do not give the same repidence, in

The number of variables for the energy minimization in - qer 1o get a consistent result, we have used the direct mini-
both ground and excited state are proportional to the size gt,i-ation for both the ground and excited states.
polyene chain. Since it is impossible and unrealistic to do a

direct N-dimensional minimization for large polyene, we re-

strict the energy minimization in some physically relevant|||, RESULTS AND DISCUSSIONS
subspace. We first optimize the ge.ometry Qf thg gr'ound statx Results in Hu" ckel theory
along the only relevant coordinate: the dimerization mode.
When we go to the B, state, the single bonds acquire some  In order to understand how the results in the presence of
double bond character and double bonds, single bond chaelectron—electron interaction deviates from the independent
acter. This is because a configuration with a single excitatiomlectron theory, we briefly review some results for the
replaces a bonding orbital by an antibonding orbital, hencéduckel model first. Table | shows lattice configurations at
the electron density is moved from double bonds to singlgotential minimum of the B, excited state in the Hukel
bonds. As a result, bond alternation in th® 1state is limit for different N by setting the electron—electron interac-
weaker than in the ground state. As the chain length intion to zero?® In this limit, the perfect dimerized chain is
creases, the effect of excitation on the geometry becomalways unstable with respect to the generation of a charged
weaker, since the displacement along the dimerization mod§™ S~ pair in the excitedB,, state, and the binding energy is
goes likeN Y2 asN— if only delocalized relaxation along about 0.42 eV for chain lengt=50. The lattice relaxation
the dimerization mode is allowed. For this case, the potential qualitatively the same for all chain lengths in thédHel
surface for the excited state and ground state are exactly tHenit. Since there is no electron correlation, no attraction
same asN—x. We have therefore restricted ourselves to theexists between soliton and antisoliton pair except for the fi-
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TABLE |. Chain length dependence for the sizes of charged soliton-

B.-Y. Jin and R. Silbey: Lattice relaxation in finite polyenes

antisoliton pairs in the B, state for the Huckel model:t,=—2.5 eV,
@=6.47 eV(A), K=53.3 eV(A)? and\=0.20.

N & Egap R 3 ¢ Ep

26 0.057 1.69 627 410  0.050 -—0.377 _
34 0.059 1.55 823 572 0052 -0.413 >
42 0.059 1.47 1025 673  0.051 -0.421 =1
50 0.060  1.42 1229  7.24  0.051 -0.419

ol

nite size effect. The potential surface in thédKal limit is
shown in Fig. 2 with labeU =0. One can see that the poten-
tial surface alongR dec_reases very .faSt and startf to.varyFlG. 2. The potential surfaces 0B}, states in the direction of the soliton-
slowly whenR>2¢ and increase again when t8e S pair antisoliton separatiorR, for different on-site electron repulsid) =0-10
meet from the other side of the ring. The separation betweeithin the PPP approximation.N=34, «=6, ande=1.
the S™S™ pair at the potential minimum is about one-half of
the chain length. Since the soliton is a domain wall between
two bond alternated states, its binding energy relative to purétate depends on the the competition between electron-
e h™ state is determined by competition between two ef-phonon and electron—electron interaction, i.e., the relative
fects: (a) the tendency to increase the region of dimerizedMagnitude ofx andU or e. In the region with weak electron-
state and, hence, shrink the size of the undimerized solitoRhonon(small a) and strong electron—electron interaction
region andb) the tendency to increase the domain wall such(Small e or largeU), there is no localized distortion, but a
that the energy to put electrons in a small solitonic region isimple dimerization along thik =0 phonon mode & =34.
smaller due to the uncertainty principle. Table | also showdiowever, in the region with strong electron-phonon coupling
that the half width of the soliton increases as one increasedarge @) and weak electron—electron interacti@tronge or
the chain lengtt{&é~7 unit cells in the solid state limit The small U), the localized excitation is favored. Except in the
transition from short polyene to polyacetylene for the latticedbsence of electron-electron interaction or very weak elec-
relaxation of the B, excited state in the Hikel limit is  tron repulsion(e very large orU very smal), the soliton and
smooth?® the electron-hole pair decays to a pair of chargecBntisoliton are tightly bound together to form a self-trapped
solitons for all chain lengths. exciton. From Tables Il and Ill, we also find that the size of
lattice distortion depends on the strength of the electron—
electron interaction and the electron-phonon coupling. For a
fixed «a, the size of the lattice distortion decreases as the
In Tables Il and Ill, we show the results of minimization electron—electron interactiofU or ¢€) is increased. This is
of total energy of B, state for giverN,ty,U,K ., with dif- due to the attraction between the electron and hole becoming
ferent(a,e) and(a,U) in the PPP model. Two different meth- larger when the electron—electron interaction is increased
ods, which are on-site Coulomb repulsibhand dielectric  through eithet) or e. On the other hand, the localized lattice
constante respectively, have been used to parametrize thelistortion becomes smaller when the electron-phonon cou-
strength of the long range electron—electron interadts@®  pling is increased at a fixed electron—electron interaction be-
Eq. (2)].2* We show how lattice relaxation in the exciteB]l cause a large distortion costs more elastic energy than a

B. Results in the PPP model

TABLE II. Relaxed configuration of polyene for different strength of electron—electron interacticemd
electron-phonon couplingr: N=34;K_=46.0 eV(A)2

€ 1.0 2.0 3.0 4.0 5.0 1.0 2.0 3.0 4.0 5.0

a R 3

4.0 7.22 8.26 5.00 2.66
4.5 5.98 7.44 8.37 8.75 4.93 5.03 5.08 5.11
5.0 6.29 5.06 6.52 7.68 8.17 3.71 4.45 4.79 4,94 5.57
5.5 3.83 4.35 5.15 6.60 7.49 4.40 3.78 4.68 4,72 4.81
6.0 3.17 3.69 4.65 5.54 6.32 3.66 3.33 3.77 4.19 4.43
@ b S
4.0 0.0 0.018 -0.015 0.0 0.0 0.018 0.010 0.041 0.031 0.033
45 0.0 0.035 0.032 0.028 0.025 0.020 0.0031 0.0021 0.0022 0.003
5.0 0.018 0.047 0.042 0.037 0.036 0.0078 0.0 0.0 0.0 0.002
5.5 0.048 0.058 0.059 0.047 0.042 0.0022 0.0 0.0 0.0 0.0
6.0 0.064 0.072 0.065 0.058 0.053 0.0 0.0 0.0 0.0 0.0
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TABLE lII. Lattice relaxation in the B, state for different strength of

electron—electron interactidd and electron-phonon coupling N=34.
u R 1 ¢ e
a=4.75
0 8.2827 5.2638 0.0235 —0.0226
2 0.0 0.0256 =
4 0.0 0.0227 =
6 0.0 0.0219
8 0.0 0.0211
10 0.0 0.0206
a=5.25
0 8.16 5.4951 0.0317 —0.0184 o 2 4 6 [} 10 12 14 16
2 0.0 0.0324 R
4 0.0 0.0258
6 0.0 0.0238
8 6.33 3.23 0.018 0.0087 FIG. 3. The potential surfaces oBl, states in the direction of the soliton-
10 527 3.88 0.028 0.0046 antisoliton separatiorR, for different strength of electron—electron interac-
@=5.75 tion parametrized by the dielectric constamt(e=1-4) within the PPP
0 8.1969 5.2454 0.0419 0.0 approximation: N=50; a=6; U=11.26.
2 6.9799 5.3448 0.0306 0.0057
4 6.3158 4.9860 0.0281 0.0072
6 5.6343 3.3869 0.0288 0.0059
8 4.2490 4.1917 0.0434 0.0025 zation in the previous subsection. Figure 4 gives the typical
10 3.6556 3.8655 0.0516 0.0015

behavior of B, potential surfaces along th&(K=0 modeg
direction (delocalized distortion Similar to the result from
Huckel model, the lattice displacement along thdirection
small distortion does. This is similar to dependence of thedecreases a¥ increases. The relative magnitude for the lo-
size of soliton on the electron-phonon coupling in the poly-calized and delocalized distortion depends on the chain
acetylene with one soliton: the size of the soliton is in-length. This point will be elaborated in the next subsection.
versely proportional to the electron-phonon coupling the ~ The (R,é) contour plots for different) show that the poten-
continuum solid state limit without electron—electron inter- tial surface for theR and ¢ coordinates are almost decoupled

action. and the force constants for th® are much smaller thaé.
The equilibrium position(R,,&,) moves toward the origin as
C. Potential energy surfaces U is increased, which implies that the attraction between

soliton and antisoliton becomes stronger, as expected. We

conclude that the dependence of potential well on the

strength of electron—electron interaction and electron-

phonon coupling is not small and an inclusion of electron—

electron interaction produces a dramatic effect on the lattice
stortion.

Figure 2 shows the potential surface d lstate along
theR direction for several different on-site electron repulsion
values(U=0-10 in the PPP approximation. The potential
surface for the Hekel limit, U=0, is almost flat when two
soliton configurations are separated at opposite sides of t
ring. A shallow well for the bound exciton is created by an
increase olJ from O to 1. The barrier folJ=1 is due to the
cyclic boundary imposed in the calculation. This suggests
that the bound exciton is unstable with respective to thermal
fluctuations if weak electron-electron interaction is uséd.
The lattice relaxation energy decreaseslhass increased
from 0 to around 2, and then starts to increase back to 0.3 eV
again. We can also see the potential barrier for separating an
electron-hole pair is much larger than thermal energy at room
temperature. Note that an increase of on-site electron repul-
sion fromU =8 to 10 is not as significant as an increase from
U=0 to 2. Figure 3 shows the potential surface of thg, 1
state along theR direction for several different dielectric
constants. In contrast with tlie,U) parametrization, there is
a dramatic change in the relaxation energy alongRhei-
rection when going frone=1 to e=2. However, the change 0
in the force constant is small in this limit. In the stroeg O 0005 001 0015 042 0025 003 0035 004 0045 008
limit (Hubbard modeg| the potential surface becomes shal- %
lower which suggests that the effective interaction between ‘ o
s*S™ is smaller. In both Figs. 2 and 3, the equilibrium Sepa-FIE;' 4. The potential surfaces oBl, states along the dimerization mode,

. . . K=0, within the PPP approximation. Five different electron-phonon cou-
ration become smaller as the electron—electron interaction i§jings are usedfrom top to bottom: a=4, 4.5, 5, 5.5, 8 U=11.26,
increased, consistent with the result obtained from minimiN=34, ande=1.

0.05F

QOlp

Q.45r

EeV)

ot
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4266 B.-Y. Jin and R. Silbey: Lattice relaxation in finite polyenes

TABLE IV. Chain length dependence of bipolaron formatiorig=—2.5 TABLE VI. Dependence of bipolaron formation on the force range for
eV; A=0.112,U=8.0 eV; e=1.0; K ,=46.0 eV(A?). N=42, «=6.0 eV/A. This figure shows the effect of force range by three
different models: Hubbard, extended Hubbard, and the PPP model.

N R ¢ b 5
Ground state  Excited state
a=4.5
22 0.0 0.0298 u Vv R ¢ n 5§ C-C G=C C-C G=C
30 0.0 0.0228
38 0.0 0.0181 Hubbard model
5 0.0 0.0147 0 0 102 6.5 00490 0.0036 145 135
54 0.0 0.0124 2 0 101 6.69 00488 0.0044 145 135
o 0.0 0.0107 4 0 100 7.21 00488 0.0055 145 135
66 773 755 0.019 0.0013 6 0 984 7.69 00489 0.0069 1.45 135
475 8 0 951 829 00480 00198 145 135
- 0.0 0.0314 10 0 849 862 00471 00319 145 135
30 0.0 0.0239 Extended Hubbard model
38 0.0 0.0187 8 1 875 637 0045 0.0 146 134
46 0.0 0.0153 8 2 660 540 0052 0.0 147 133
50 7.73 2.22 0.0129 0.0059 8 4 385 447 0050 0.0 149 131
54 6.69 6.62 0.0232 0.0018 8 6 000 0011 149 131 148 1.32
58 8.14 4.48 0.0177 0.0020 8 8 0.00 00092 150 130 149 1.31
62 6.31 6.95 0.0269 0.0008
a=5.25 PPP model
22 0.0 0.0346 0 1021 6.15 0.0490 0.0036 1.45 1.35
26 0.0 0.0299 2 6.35 595 00417 0.0019 1.46 1.34
30 0.0 0.0257 4 576 453 0.0380 00022 1.47 1.33
34 6.33 3.23 0.0184 0.0087 6 512 3.16 0.0373 00023 1.49 131
38 5.44 5.15 0.0297 0.0033 8 351 4.03 0.0590 0.0006 1.50 1.30
42 5.07 5.41 0.0347 0.0018 10 349 3.43 0.0562 00006 1.51 1.30
46 6.19 3.98 0.0261 0.0024
50 5.34 5.13 0.0331 0.0013
54 5.28 5.19 0.0341 0.0008

maticity), but the alternated polyene becomes energetically
favorable whemMN> N due the gain in the elastic energy
D. Chain length dependence compared to the small loss of electronic energy around Fermi
. _surface. However, the geometry of thB lexcited state has
Table IV shows the chain length dependence of the biigre instabilities than in the ground state. Besides the insta-
polaron formation. Note that the onset of the instability with bility along K =0 modes, the directions with localized bipo-
respect to a local polaronlike excitation depends on the rélgg on or bisoliton formation are also important. Similar to
tive strength of electron-phonon and electron—electron i”terLonguet-Higgins and Salem’s result for the ground state, a
action. We choos&) =8 andA=0.112 in Table IV. The size ye|ocalized distortion alon =0 mode becomes less stable
of IO(_:allzed distortion is sma[ltyplcally around or less than i5n a localized distortion wheN is larger tharN ica - If
7 unit celly as shown in Fig. 1, Tables II, and Ill. Table V' ;e a5sume that the localized distortion cannot m@fecal-
shows that the onset of Iocgllzed polaronic e>fC|tat|on in th&1ations performed in this paper have made this approxima-
1B, state depends on chain length. For a given electronyon) we find by extrapolation from Table IV that the delo-

electron and electron-phonon coupling, there is a corregglized distortion is always unstable with respect to the
sponding localization length,(U, ) such that no localized  formation of a localized distortion in the solid state
distortion is favored when the chain lendth <L, and the |t 26-29

minimum is just a simple distortion along tie=0 mode. In
the solid state limit, the local minimum along tKke=0 mode
become less stable with respect to the bipolaron formation i
parameter spacéx,U) or (a,€). This is reminiscent of the In Sec. 1l B we have already used the dielectric con-
result of Longuet-Higgins and Salénon the onset of dimer-  stant,e, and on-site electron—electron repulsidh, to scale
ization for finite polyene in the ground state as a function ofthe the range and strength of the electron—electron interac-
N. Longuet-Higgins and Salem show that there is no bondion. In this subsection, we will study the effect of force
alternation for short polyene whé¥h=4n+2<N;ica (r0-  range by concentrating on three commonly used mod-

els: Hubbard, extended Hubbard, and PPP model, and their

effect on the the bipolaron formation. The results are shown
TABLE V. Critical chain length for the formation of bipolaron. Parameters in the Table VI. Since on-site electron—electron interaction in
are the same as in Table IV. . .

the Hubbard model cannot create an effective attraction be-

ILI:" Effect of range of the interaction

a N tween electron and hole pair, the interaction between soliton
5 o and antisoliton pair is smaller than in PPP. The optimized
475 50 ground state geometry for the Hubbard model shown in

525 34 Table VI is the same as that in the €kel model, and the
relaxed geometry in theB, state is a separate®l” S~ pair
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0.5 IV. CONCLUSIONS

01r

In this paper, we have performed minimization for both
ground and excited states by single excitation Cl on cyclic
polyenes with chain lengths up to 35 double bonds. When we
restrict minimization to the dimerization mode, the general
behavior of a finite polyene going from ground state to the
1B, excited state is that the single bonds acquire double-
bond character and double bonds, single-bond character, with
and without inclusion of electron correlation. In the solid
03l state limit for this case, no change in the potential surface

R can be induced by exciting one electron to thH#, kexcited

state. However, this can still produce subtle effects in the

FIG. 5. The effect of the number of configurations on the potential surface§®SONnance Raman scatteriig.

within the extended Hubbard model. The single excitation configurations are  The competition between electron—electron interaction

sglected from amongst thenZn.nermost self-consistent field molecular or- gnd electron-phonon coupling gives rise to more complicated

bitals, wheren is given in the figure: N=42, =6, U=8, andv=4. localized lattice distortion when we perform the minimiza-

p
tion in the four-dimensional soliton-antisoliton subspace. De-

due to the lack of effective interaction between electron an(?endlng on the chain length and relative strength of

hole associated with soliton and antisoliton configuration.eleCtron_eleCtron interaction and electron-phonon coupling,

Table VI shows that there is only a small change in the® s!mple change of dimeri'zation .amplitude,.a self-trapped
excited state geometry in the presencdlofThe separation, exciton or a separated soliton-antisoliton pair may become
R, decreases slightly a3 is increased the most stable state in th&] excited state. However, if the

Both the extended Hubbard model and the PPP rnodeqhain length is long enough, a localized polaronlike excita-

give strong modifications of the geometric relaxation in thellO" IS always energetically favored. In the intermediate and
strong electron—electron interaction limit, we find that the

1B, excited state with respective to the tkel model. The ) ; )
lowest optically accessible excited state relaxes to a self-

interatomic Coulomb interaction is necessary for the forma : ) . . .
tion of an exciton and, therefore, is also important for th trapped exciton state instead of soliton-antisoliton configura-

formation of the bound soliton-antisoliton paitelf-trapped fuon. Hence, in this case a photogenerated current cannot be
exciton. As shown in Table VI, the interaction between a induced through the lowes, state because a self-trapped
soliton and antisoliton pair becomes strongeiVdl is in- ~ €Xciton cannot carry photocurrent. However, higher lying
creased foN=42. WhenV/U is larger thar, the energy of ~0and states can decay to chargds pairs, which are the

a localized self-trapped state becomes higher than a delocdilarge carriers observed in many experiments. Note, how-
ized distortion along th& =0 mode. This transition is not €ver that the calculation performed here, based on adiabatic
observed for the PPP model in the Table VI. However, as w&PProximation, is not valid for band states, due to the numer-
have shown earlier, the same kind of transition does occur iRUS |evel crossings in the band states. Since the coupling
the PPP model when the chain length is long enough. FroR€ween ther electrons ando core is very strong, the
Table VI, we find that even the short range interaction of thefhargedS™ S pair must be described nonadiabatically.
extended Hubbard model can produce significant electron- Due to the ability to study ordered single crystal, of

hole attraction within the single excitation CI level so as toPolydiacetylene, its lowest excited state has been unambigu-
produce a tightly bound chargedf S~ pair. ously identified as an exciton state. PDA-PTS shows exci-

tonic absorption near 2 eV while the threshold for photocon-
ductivity is at 2.5 eV because extra kinetic energy is required
to achieve charge separation. When interacting with a pho-
In Fig. 5, we show the effect of the strength of electronnon coordinate, this exciton relaxes to a self-trapped state.
correlation(by increasing the number of electron configura- However intrans(CH),, the energy gaps between exciton
tions taken into accounton the potential surface along and band states are small compared to inhomogeneity of
direction. The number of electron configurations is anothetrans-(CH), samples used in most experiments, therefore it is
way to measure the strength of electron correlation. Frondlifficult to distinguish the onset of optical transition and
Fig. 5 one can see that if only a few states are used fophotoinduced current in thigans-(CH), as was done in the
configuration interaction, the potential relaxes deeply intocase of polydiacetylene. Thus the question of the nature of
the band gap and is shallower relative to far separates the optically absorbing stai@xciton vs bangin polyacety-
pairs. When more configurations are taken into account, thkene is difficult to determine.
equilibrium separation becomes smaller and the barrier to It would be interesting to look at the dynamical proper-
separatedS™S™ higher. This suggests that the results ofties of the self-trapped exciton in the exciteB Istate in the
Grabowskiet al,'* the potential barrier for separati®f S~ presence of electron correlatifie can then get informa-
is about 150 K in théN=cc limit, might be seriously in error tion for the coupling of self-trapped exciton between differ-
due to their including only one spin adapted configuration inent sites and the time scale of the self-trapped exciton to be
their calculation. formed in a photoexcitation processes, which are completely
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